When charged particles in periodic lattices are subjected to a constant electric field, they respond by oscillating. Here we demonstrate that the magnetic analogue of these Bloch oscillations are realised in a one-dimensional ferromagnetic easy axis chain. In this case, the "particle" undergoing oscillatory motion in the presence of a magnetic field is a domain wall. Inelastic neutron scattering reveals three distinct components of the low energy spin-dynamics including a signature Bloch oscillation mode. Using parameter-free theoretical calculations, we are able to account for all features in the excitation spectrum, thus providing detailed insights into the complex dynamics in spin-anisotropic chains.
First described by F. Bloch in 1929 [1] , electronic Bloch oscillations (BOs) are the oscillatory response of charged particles in a periodic potential to a constant electric field [2, 3] . The field gives rise to a force dk/dt = qE, which drives the particle through the Brillouin zone. Upon crossing the Brillouin zone boundary the velocity dE/dk is reversed leading to oscillatory motion. Observation of the resulting Bloch oscillations had to await the development of ultra pure semiconductor superlattices [4] [5] [6] and ultracold atoms in optical potentials [7, 8] . BOs have been observed directly in real space in waveguide arrays [9, 10] , and more recently in a Bose-Einstein condensate [11] . A magnetic analogue of the electronic BOs was predicted to exist in ferromagnetic near-Ising anisotropic spin-1/2 chains in a magnetic field [12] . In such chains, an excitation consisting of a domain wall (DW), separating regions of spins pointing up from spins pointing down, can be thought of as an analogue of charged particles in a periodic potential undergoing BOs in an electric field. The presence of anisotropic couplings is crucial for the magnetic Bloch oscillations (MBOs) in order to make a periodic band for the DW excitation. The magnetic field acts as a force trying to align spins, thus accelerating the DW in one direction, leading to an oscillatory motion in the same way as for the charged particle BOs. However, a single DW state is not stable in the bulk due to the large Zeeman energy cost of aligning many spins opposite to the field.
Instead, states involving a pair of domain walls (2DW) bounding a short segment of overturned spins have been proposed as more favourable candidates for observation of magnetic Bloch oscillations [13] . In this case the oscillation happens both for the DW at the beginning and for the DW at the end of a small cluster of adjacent spins aligned opposite to the magnetic field direction.
The Hamiltonian of the ferromagnetic near-Ising anisotropic spin-1/2 chain in a longitudinal field is:
with
. The usual spin raising and lowering operators are defined as
The total effective g factor along the z-axis is the sum of the orbital and spin g factors:
For an ideal Ising system (J a = J ⊥ = 0) in zero magnetic field, the energy levels of all 2DW states, regardless the number of overturned spins, l, are degenerate, since the energy cost of creating a spin cluster comes only from the domain walls at either end of the cluster. In a magnetic field, the energy cost of aligning spins against the field splits the spectrum into a series of equidistant levels. In this case MBOs do not occur: Since [H, S MBOs becomes possible when the cluster spectrum splits into equidistant levels in the presence of a magnetic field and anisotropic couplings (J a = 0), which cause the cluster wave functions to become superpositions of cluster states of different lengths. Such a spectrum is known as the magnetic Wannier-Zeeman Ladder (WZL) [13] , in full analogy with the electronic Wannier-Stark Ladder [14] , which is the quantum mechanical signature of electronic BOs. When a WZL is formed, the expectation value of the cluster size l oscillates with a frequency ω B corresponding to the energy difference between cluster states that both have contributions from spin clusters of the same size. In the present weak-anisotropy limit, this difference is given by the Zeeman energy:
The existence of spin cluster excitations in CoCl 2 · 2 H 2 O has already been demonstrated in far-infrared spectroscopy studies, affirming the predominant Ising nature of this system [15, 16] . The full energy spectrum of single cluster states (2DW) was calculated by one of us [13] using parameters corresponding to a single chain in the deuterated, but magnetically identical material CoCl 2 · 2 D 2 O. We will here denote the class of states with mean integer cluster size l by |λ l . In zero field the |λ l=1 cluster state lies outside a continuum of |λ l>1 cluster states with smaller bandwidths ( Fig. 1(a) ).
In a sufficiently large magnetic field, the spin cluster continuum is split and the excitation spectrum now consists of the |λ l=1 mode and the characteristic WZL ( Fig. 1(b) ), hence classifying CoCl 2 · 2 D 2 O as a candidate material for observing MBOs.
The intensity detected in a neutron scattering experiment has contributions from the correlation functions (see supplementary information) [17] :
where S α Q = i e iQ·Ri S α i and α = x, y, or z. Z is the partition function and |λ and |λ are states of the system before and after the scattering event with energies E λ and E λ , respectively. Let us now consider how transitions between the cluster energy levels discussed above are reflected in three distinct contributions to the neutron scattering intensity. Note that the chequerboard pattern within the continuum is due to finite size effects in the numerical calculation. Equation (5) is superimposed as a black solid line and equation (6) as a black dashed line.
At T = 0, only the ground state, |λ l=0 with all spins parallel to H, is populated. The operators S x Q and S y Q cause transitions to states with a single spin flipped, as shown in Fig. 1 (e)-(I). In turn, this state overlaps with the first excited 2DW state. The result is a dispersive spin wave excitation in S(Q, ω) which is found to appear in the range 4-6 meV in zero field [18, 19] . The spin wave contribution exhausts S(Q, ω) at T = 0 K, since transition matrix elements between the ground state and higher lying cluster states (i.e. those dominated by l > 1 contributions) are vanishingly small [13] . In particular, it is not possible to probe the WZL, and hence MBOs, at low temperatures. However, when the temperature is increased, the states of the WZL will be thermally populated. The spectrum, is now richer and contains two additional contributions from transitions between different excited 2DW states ( Fig. 1(e) -(II)), and between different momentum states for the same 2DW state ( Fig. 1(e) -(III)). The first of these involves a change in the length of the spin cluster |λ l → |λ l+1 caused by S x Q and S y Q . For sufficiently large fields, this is reflected in S(Q, ω) in the appearance of a low energy peak at ω = ω B [13] signifying a WZL spectrum and the existence of MBOs. By contrast, in zero field, the process in Fig. 1 (e)-(II) gives rise to a low energy transverse continuum. The upper boundary of this continuum is determined by the bandwidth, 4J
a , of the cluster states in Fig. 1(a) , and can be approximated by:
where Q L is the momentum transfer component along the reciprocal lattice vector c * . This is the ferromagnetic equivalent of the Villain mode in antiferromagnetic Ising chains [20] [21] [22] . The second finite temperature contribution to S(Q, ω) involves transitions within the first excited 2DW eigenstate, |λ l=1 → |λ l=1 ( Fig. 1(e)-(III) ), and introduces a second continuum in the same lowenergy range occupied by the MBO peak in finite field, and by the transverse continuum in zero-field. The upper limit of this continuum, which is due to S z Q and hence longitudinal, is given by:
where A takes the value 4J (5) and (6)). Figures 1(b) and (d) summarise all contributions to S(Q, ω) in zero field and in a finite magnetic field, respectively, using parameters relevant to a single chain of CoCl 2 · 2 D 2 O.
We now turn to present our experimental results obtained on the high-flux neutron spectrometer MACS optimised for the study of weak and diffuse contributions to S(Q, ω) [23] . The chosen setup (see Methods) improves on two previous unsuccessful attempts at identifying MBOs in CoCl 2 · 2 D 2 O [19, 24] . Figure 2 shows our experimental data taken at 22 K, which is slightly above the ordering temperature T N = 17.2 K [18] , in zero magnetic field, along with a theoretical calculation of S(Q, ω) for a single chain of CoCl 2 · 2 D 2 O [13] . The model is based on the thermal population of cluster states, and evaluation of the scattering matrix elements in equation (4). It can be seen to reproduce the salient features of the experimental data: There is a period 2π continuum peaked at (0 0
Since the analytical calculations in Ref. 13 do not take into account the significant interchain couplings present in CoCl 2 · 2 D 2 O, the quantitative details of the in-field inelastic neutron scattering data will henceforth be compared to numerical calculations based on a mean field/random phase approximation (RPA). This model considers a short chain segment of six neighbouring spin-1/2 and the spin Hamiltonian established in Ref. 25 . The model accounts for the bulk magnetic properties [26, 27] and describes both the spin waves [18, 19, 24] and the magnetic cluster excitations [16] . Further, it has successfully been applied to describe the quantum criticality in CoCl 2 · 2 D 2 O in a transverse magnetic field [28] . Within this model, interactions with neighbouring chains contribute to the effective field experienced by each domain wall. This leads to a modification of the Bloch energy, equation (3) , which for the case of CoCl 2 · 2 D 2 O becomes:
Here S z is the average polarisation of the spin chains along the field axis. The values of the antiferromagnetic Ising-type interchain couplings J In keeping with our discussions based on Fig. 2 and equation (4), the RPA model predicts that the Bloch mode is transverse, while the continuum scattering is longitudinal. This is illustrated by Fig. 3 . In addition the calculations highlight that although the MBOs corresponds to transitions between different levels of the WZL, which are approximately non-dispersive in the high field limit, the neutron scattering intensity nevertheless depends on the component of the neutron momentum transfer along c * with clear maxima at integer values of Q L . Fig. 4(a) -(c) shows neutron scattering intensity maps as a function of energy and momentum transfer measured at 22 K for magnetic fields of 7 T, 8 T and 9 T, respectively. For comparison, Fig. 4(d)-(f) show the corresponding calculated excitation spectra. For all three magnetic fields the overall agreement between data and calculations is clear. The spectra are dominated by a largely field independent continuum that peaks at Q = (0 0 1 2 ) originating from the scattering of the thermally populated |λ l=1 states, as described in equation (6) . Outside the boundaries of this continuum, and close to (0 0 1), it is possible to discern a weaker and clearly fielddependent contribution to S(Q, ω), consistent with the expectations for magnetic Bloch oscillations. The model calculations, Fig. 4(d) -(f) predict a weak mode moving to higher energies with increasing field strength. The same phenomenon can be seen in the corresponding experimental data. It is worth noting that as the field increases, the period-π continuum, equation (5), is seen to lose intensity on both data and model calculations. ergy transfer was constrained to 2.2 meV by the chosen experimental configuration, prohibiting us from tracking the MBO signal to higher fields). In order to isolate the signal originating from the MBOs, we subtract an effective background model reflecting incoherent scattering and a field-dependent contribution from the edge of the spin wave continuum. The resulting MBO signals are shown as blue areas in Fig. 5 .
In Fig. 6 we show the values of the Bloch energy obtained from the Gaussian fits in Fig. 5 along with the predicted effective Bloch energy, equation (7) . The spin polarisation, S z , was calculated using the RPA model, which has no free parameters. We see agreement for the highest fields, but a discrepancy between data and model for the two lowest fields. Decreasing the field leads to a lower polarization of the spin chains, which in turn means that the spins will be exposed to a broader distribution of effective fields due to a broader polarisation distribution of the neighbouring chains. In this case, a broader distribution of Bloch energies is to be expected. In addition, at lower magnetic fields, there will be a larger background contribution from the continuum which is difficult to separate from the signal coming from the MBOs. As a result, the systematic uncertainty on the Bloch frequency at 6 and 7 T, in reality will be larger than the standard deviation uncertainty from the fits shown as error bars in Fig. 6 . Resolving this discrepancy will require more detailed theoretical modelling and is beyond the scope of this work.
In conclusion, we have studied the field-dependence of the low energy excitation spectrum in CoCl 2 · 2 D 2 O at 22 K. We observe a broad field-induced peak close to the zone boundary, which is consistent with our model predictions of the signature of the MBOs. In spite of the discrepancies in the account of the field dependence of the MBO frequency, we consider the present experiments the first direct observation of Magnetic Bloch Oscillations. In addition to the Bloch Oscillations we have observed two thermally induced excitation continua that can be described using the anisotropic and perpendicular parts of the exchange couplings, J a and J ⊥ . The coherent reproduction of all three features in the exper- imental data, confirm our trust in the theoretical model and in our claim to have observed MBOs. Our results provide novel insights into the domain wall dynamics of anisotropic spin chains and add magnetic Bloch oscillations to the list of phenomena (including the spin Peierls transition [29] , Dirac magnons [30] and spinon Fermi surfaces [31] ) initially introduced in the study of electrons in periodic solids, and subsequently observed to exist in model quantum magnets as well.
I. METHODS
Sample preparation. The single crystals of CoCl 2 · 2 D 2 O were grown from a D 2 O-solution by slow evaporation at 70
• C. Their crystal structure were checked using x-ray diffraction and are consistent with literature values: a = 7.256Å, b = 8.575Å, c = 3.554Å and β = 97.6
• , in the monoclinic space group C2/m (#12) [32] .
Measurements. The inelastic neutron scattering measurements were carried out at the MACS spectrometer at the NIST Center for Neutron Research [23] . Two single crystals of CoCl 2 · 2 D 2 O with a total mass of 1.7 g were co-aligned in the (H,0,L) plane on an aluminium holder. This sample was mounted in a vertical field cryomagnet allowing for magnetic fields up till 12 T along the (0,K,0)-direction. The final energy of the spectrometer was fixed at E f = 3.0 meV. A Be filter was placed before the monochromator and a BeO filter after the sample. This configuration is optimal for studying weak signals but limits the neutron energy transfer to 2.2 meV. The scattered beam was analysed by a 20 channel detection system equipped with double-bounce PG analyser crystals [23] . The sample orientation with respect to the incident beam was fixed in all measurements. For each energy transfer, S(Q, ω) was probed for several orientations of the detection system. The background contribution from the empty cryomagnet was measured using the same configuration and subtracted from the signal obtained from the sample.
Data availability. All relevant data are available from the corresponding authors. 
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